We describe the characterization and application of quercetin pentaphosphate (QPP), a new fluorimetric substrate for the detection of alkaline phosphatase (ALP) activity. QPP exhibits major absorbance peaks at 260/ 410 nm and a strong fluorescent at λ ex /λ em = 425/510 nm at alkaline pH. The product of enzymatic reaction between QPP and ALP has a strong absorbance peak at 324 nm with no fluorescence activity at the investigated wavelengths. The product generated from the enzymatic reaction was found to be proportional to ALP activity and ALP activity was monitored by absorbance difference at 310 nm and 410 nm. The change in absorbance was found to be proportional to the ALP concentration with a linear detection range 
Introduction
Alkaline phosphatase (ALP) is a widely distributed non-specific phosphomonoesterase that functions through the formation of a covalent phosphoseryl intermediate. The enzyme also catalyzes phosphoryl transfer reactions, hydrolyzing a variety of orthophosphoric monoesters to various alcohols. Excess of ALP in the serum is normally associated with diseases of the liver and bones such as hepatitis, bone inflammation or softening and obstructive jaundice [1] . ALP is therefore one of the commonly assayed enzymes for routine clinical practice [2] . However, ALP activity studies are well known in the field of immunochemistry where it is actively used as a label in immunohistology and enzyme immunoassays. ALP has been extensively used for signal generation in enzyme linked Immunosorbent assay (ELISA).
ELISA, developed as alternative to radio-immunoassay, is a simple and versatile assay based on antibody-antigen reaction. ELISA utilizes enzymes attached to one of the reactants (conjugate) to allow quantitation after addition of a suitable substrate/chromogen [3] . Substrates are critical for detection and visualization steps in ELISA. Different factors determine the choice of a substrate, including the degree of sensitivity required, instrumentation used, safety issues and the type of enzyme. Most immunoassays use proteins conjugated to enzymes in order to generate a signal through the catalytic properties of the enzyme. Most commonly used enzymes are horseradish peroxidase (HRP) and alkaline phosphatase (ALP). ALP exhibits a slower catalytic rate compared to HRP but the reaction rates of ALP remain linear over long periods of time; therefore the sensitivity of ALP can be improved by allowing the reaction to proceed for a long time.
Many substrates for ALP have been reported employing a variety of detection systems based on the hydrolysis activity of the enzyme on orthophosphoric monoesters [2, [4] [5] [6] [7] [8] . The broad substrate specificity of ALP accounts for the wide variety of assays utilizing the enzyme for substrate turnover. Currently, there is a large number of commercially available ALP conjugated immunoreagents mainly because of its high stability, long shelf life and high turnover rates [1] .
Fluorimetric, spectrophotometric and electrochemical methods are common detection techniques for monitoring the activity of ALP enzymes. Based on these techniques many substrates for ALP have been reported. One of the most commonly used substrate is pnitrophenyl phosphate (pNPP) for either colorimetric or spectrophotometric determination of ALP. Recently, various substrates for ALP assay utilizing fluorescence [2, 9, 10] , phosphorescence [11] , chemiluminescent [6] and electrochemical [1, 4, 5, 8, 12] methods have been reported. Electrochemical method is not widely used in immunoassays because of limited availability of suitable substrates that can be electrochemically activated in an enzymatic reaction. Further, in the case of ALP substrates the resulting phenolic products contribute to electrode fouling interfering with the inherent sensitivity of the sensor device.
In the current study we report the use of quercetin pentaphosphate (QPP) as a new substrate for alkaline phosphatase using both spectrophotometric, and fluorimetric methods. QPP was found to be stable for up to 1 year at 0-4 o C and the lifetime could be extended by storing at -20 o C. The products formed have a strong absorbance at 325 nm. QPP has strong emission at 510 nm when excited at 425 nm. The product of enzymatic reaction has no fluorescence activity.
The decrease in fluorescence intensity upon exposure to the enzyme is proportional to ALP activity. TBST buffer was prepared by 0.045M Trizma-HCl, 0.0055M Tris-base, 0.1M NaCl, 0.004M NaN 3 and 0.05% (v/v) in Nanopure water. TBSTB consisted of TBST with 1% BSA. All Tris buffers were adjusted to pH 8.0 with concentrated HCl or NaOH. Carbonate buffer was made by titrating 320 mL of 0.1 M Na 2 CO 3 containing 0.004 M NaN 3 with 0.1 M NaHCO 3 to pH 9.6. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 
Materials and Methods

Materials and Solutions
Instrumentation
A multidetection microplate reader, Synergy HT RDR from BioTEK instruments was used for end point absorbance measurements. Fluorescence measurements were carried out on a RF-540 recording spectrofluorometer (Shimadzu, Kyoto, Japan) and processed with Panaroma data analysis software. UV-VIS measurements were carried out using a Hewlett Packard diode array spectrophotometer (model HP-8553, Foster City, CA). This instrument was used to monitor absorbance changes during enzymatic hydrolysis of QPP. To monitor the synthetic reaction, TLC was performed on Baker Aluminum-backed silica gel 60/UV 254 plates.
Companion Flash chromatography system (Teledyne Isco combiFlash) equipped with a prepacked silica column was used for purification of the crude product before HPLC and LC-MS analysis.
HPLC analysis was performed on a Dionex Ultimate 3000 equipped with a photodiode array detector (PDA), Chromeleon software, and a reverse-phase C 18 Column (250×4.6 mm i.d., 
Quercetin pentaphosphate (QPP)
Catalytic hydrogenation experiments were carried out at ambient temperature under atmospheric pressure of hydrogen following a previously reported procedure [14] . QPPI was dissolved in 6 ml dichloromethane-methanol (1:1) mixture; followed by 10 mmol % of 5% palladium on dry activated carbon. The reaction was allowed to proceed for ≥ 1 hour, and the catalyst was removed by suction filtration. The resulting solution was evaporated under reduced pressure, dried under vacuum, to afford the desired product as a yellow solid that was then subjected to spectrum analysis. 
ALP hydrolysis of QPP
For UV measurements, 160 µM QPP was prepared in 1x DEA buffer (pH 9.8) containing 0.5 mM MgCl 2 and used as a control. QPP was monitored for a period of 6 hrs for stability using DEA buffer as a blank. 6 µL of 2 U L-1 alkaline phosphatase prepared in DEA buffer was added to 1 mL of the QPP solution and UV measurements taken over a period of 6 hours. To characterize the products of the enzyme reaction the hydrolysis products were monitored by mass instrument for a period of 30 minutes. The mass spectrometer equipped with an ESI probe was operated either in positive or negative mode depending on the nature of the compounds. 
Assay of Avidin-ALP conjugate
Biotinylation was performed according to our previous report [15] . A 96 well Costar microtiter plate was used for immobilization of biomolecules. Each well used contained 100 µL of the reagents. 5 µg mL-1 of goat anti-BG prepared in 10 mM carbonate buffer pH 9.6 was Page 9 of 31 Analyst   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 immobilized onto the microtiter plate as the capture antibody and incubated overnight at 4 o C.
The following day, the plate was rinsed several times with PBST buffer pH 7.2 and tapped dry. 
Results and discussions
Synthesis of QPP
The synthesis of QPP was carried out according to previously reported procedure for phosphorylation of phenols with some minor modifications [13, 14] .The presence of five phosphate groups could be detected by the appearance of five singlets in the 31 P NMR spectrum.
Characterization by 1 H-NMR and LC-MS as outlined in the experimental section further confirmed the desired product. Scheme 1 under Supplementary Information shows the proposed synthetic process and enzymatic reactions. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 
Investigation of alkaline phosphatase activity on QPP
The UV-Vis spectrum of QPP was recorded before and after undergoing enzymatic hydrolysis.
QPP in water possesses two characteristic absorption bands at 264 nm and 360 nm which are similar to those observed in quercetin at 256 and 372 nm. The band at 360 nm is associated with the cynanamoyl system (B+C ring) and the band at 254 nm corresponds to the absorption of the benzoyl moiety formed by the A+B ring. When QPP was exposed to DEA buffer pH 9.8 the peak at 360 nm shifted to ~400 nm, Figure 1(a) . This is mainly attributed to deprotonation, a property which is also observed for most phenols exposed to basic media [16] . The absorption spectra and extinction coefficients of phosphates are influenced by the nature of the solvent, intra-and intermolecular hydrogen-bonding, steric effects, and the pH dependent formation of resonance forms with altered conjugation compared to the parent compounds. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 The observed isosbestic points, X 1 and X 2 are as a result of new absorbing species being formed. Alkaline phosphatase is known to catalyze the reduction of phosphates to hydroxyl groups. This property has been the basis for its utility in ELISA-based applications. For example; para-nitrophenyl phosphate is converted to a para-nitrophenol in enzymatic assay. Our previous work has utilized immunoassays that employ enzyme-labeled antibodies to provide detection signals by hydrolysis of a phosphate-derived substrate [15] . Since QPP has five phosphate moieties we believe the new emerging peak at 324 nm is due to hydrolysis of the phosphate ester to phenolic form (quercetin) by ALP enzyme. These changes could also be confirmed by the color change of QPP solution (prepared in Nanopure water) upon exposure to ALP. The activity of ALP enzyme on QPP was monitored colorimetrically, over a period of 20 min. Immediately after addition of ALP, the QPP solution color changed from faint yellow to light green, then faint red Figure S1 . The observed color change was attributed to possible de-protonation of QPP by the high pH and the subsequent hydrolysis by ALP enzyme. These results compliment the observation using UV-Vis spectroscopy and that indeed the conversion of QPP to quercetin (QCR) occurred.
Interestingly, no major quercetin peaks were observed upon exposing QPP to the enzyme.
Additionally, the products formed where highly soluble in aqueous media with no observable precipitation. Generally, we would expect if quercetin was formed it would have characteristic peaks at 383 nm and 257 nm with a shoulder at 272 nm. Further, since quercetin has limited aqueous solubility it should precipitate out in aqueous media. We suspect that quercetin is formed in situ and almost immediately oxidized under basic conditions forming soluble products with the major species having an absorbance maximum at 324 nm. This new peak at 324 nm is formed almost immediately after addition of ALP and progressively increases with time while the peak at 410 nm decays rapidly and disappears less than 10 minutes later at the enzyme concentrations conditions described in the experimental section.
To further confirm the results a sample of QCR (1 mM) was prepared in DEA buffer and the UV-Vis investigated over time. Figure 1(b) shows the UV-Vis spectrum of QCR in DEA buffer. The peak at 372 nm is shifted to 410 nm while the peak at 324 nm remained persistent and increased with time. After 5 min the peaks at 410 nm and 257 nm disappears while the peak at 324 nm increased. This behavior explains why characteristic absorbance peaks were not visible in UV-Vis profile of QPP reacting with ALP. Unlike quercetin QPP is stable in basic medium with the deprotonated resonance form being the major species, Scheme 1 (b).
The activity of alkaline phosphatase on QPP was further monitored electrochemically using Cyclic Voltammetry technique (CV) on a gold working electrode to verify if any redox peaks of quercetin could be observed. However, since QPP is not electroactive and due to the slow enzymatic action of ALP on the QPP no redox peaks were observed. Figure S2 depicts the redox potentials of QPP's parent molecule quercetin.
ESI-MS Characterization of Enzymatic Products
Since UV-Vis and colorimetric assessment provided useful qualitative information, we sought to characterize the products further and confirm that quercetin was the major product of the hydrolysis reaction. Accordingly, tandem mass spectrometry with an ESI interface in negative mode ionization was carried out to characterize the products and compare the extent of conversion over time. Figure 2A shows the full mass scan of QPP before the addition of alkaline 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 phosphatase. Since no additives were used to preserve the composition of the product, the molecular ion peak was not visible in the spectrum but there was evidence of tandem loss of five phosphates groups. The ions at m/z 638 corresponds to the loss of one phosphate group and a water molecule; m/z 541 corresponds to two phosphate groups; m/z 461, three phosphate groups; m/z 381 four phosphates and final peak at m/z 301 corresponding to the loss of five phosphate groups.
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The ions at m/z 363 and 443 correspond to the loss of water in addition to the respective phosphate groups. When QPP was exposed to alkaline phosphatase, a significant enhancement of peak intensity at m/z 301 occurred almost immediately, Figure 2B . This fragment has been associated with quercetin and is usually the molecular ion peak for negative mode ionization of quercetin [17] . The parent peak at m/z 691 is due to the deprotonation of QPP at high pH consistent with the loss of ten protons. The enzymatic activity was monitored over time and the phosphate peaks were observed to become less apparent. This was mainly attributed to the activity of alkaline phosphatase enzyme on the phosphate groups and hence subsequent dephosphorylation of QPP. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 The molecular ion at m/z 381 (one phosphate group) became more pronounced after addition of the enzyme indicating a sequential or rather a step wise dephosphorylation of QPP.
ESI-Mass analyses carried out after 20 min exposure to the enzyme showed a complete transformation of QPP to quercetin evidenced by the most abundant ions at m/z 301 and the disappearance of the phosphate ion peaks, Figure 2C . These results further confirmed that AP can act as a dephosphorylating agent and converts QPP to QCR which is further degraded in alkaline pH.
Spectrophotometric Determination of ALP activity
In order to explore the potential of QPP as ALP-enzyme substrate, different concentrations of ALP were introduced into plate wells containing a constant amount of QPP.
The experiments were carried out in triplicates using DEA as the blank. The control contained a similar amount of QPP as the samples but lacked the enzyme. The activity of ALP on QPP was monitored over time with constant amount of each reactant. This experiment was aimed at optimizing the time and also determining the time range at which the enzyme activity is linear. Figure 3 shows a time course plot of QPP absorbance at 324 nm and 410 nm after incubation with ALP for 45 minutes. The absorbance at 324 nm increased with time for the first 10 minutes after which no significant change in absorbance was observed. These results indicate that the enzyme catalyzed hydrolysis of QPP is a fast processes with most of the substrate being converted to the product in minutes. The absorbance at 410 nm decreased rapidly within less than 20 minutes and then levels off. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 
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Fluorimetric Determination of ALP activity
Generally the sensitivity of fluorimetric method is higher than the sensitivity of spectrophotometric method, so we chose to extend the study to fluorimetric determination of 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 alkaline phosphatase caused a decrease in the emission upon excitation at 425 nm. The decrease in emission intensity was accompanied by a slight shift in the emission wavelength (530 nm) attributed to enzyme-substrate complex. QPP concentration of 15 mM was adopted for future experiment since it gave sufficient signal intensity with minimum enzyme requirements. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 
Stability Studies of QPP
The study clearly depicts that aqueous solution of QPP is very stable and this is clearly illustrated in the spectrum in Figure 6 . Literature studies reveal that the parent Quercetin is very unstable
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and undergoes auto oxidation [14, 25] . From the stability test spectrum, it was clear that no significant variation was observed since the absorption band of QPP was maintained at two bands of 266 nm and 360 nm respectively which is in agreement with the literature [14] . It is worth noting that QPP can be synthesized and then used as ALP substrate for a long time without degradation. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 
Conclusion
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